SUMMARY
The Gram-negative bacterium Kingella kingae is part of the normal oropharyngeal mucosal flora of children <4 years old. K. kingae can enter the submucosa and cause infections of the skeletal system in children, including septic arthritis and osteomyelitis. The organism is also associated with infective endocarditis in children and adults. Although biofilm formation has been coupled with pharyngeal colonization, osteoarticular infections, and infective endocarditis, no studies have investigated biofilm formation in K. kingae. In this study we measured biofilm formation by 79 K. kingae clinical isolates using a 96-well microtiter plate crystal violet binding assay. We found that 37 of 79 strains (47%) formed biofilms. All strains that formed biofilms produced corroding colonies on agar. Biofilm formation was inhibited by proteinase K and DNase I. DNase I also caused the detachment of pre-formed K. kingae biofilm colonies. A mutant strain carrying a deletion of the pilus gene cluster pilA1pilA2fimB did not produce corroding colonies on agar, autoaggregate in broth, or form biofilms. Biofilm forming strains have higher levels of pilA1 expression. The extracellular components of biofilms contained 490 lg cm À2 of protein, 0.68 lg cm À2 of DNA, and 0.4 lg cm À2 of total carbohydrates. We concluded that biofilm formation is common among K. kingae clinical isolates, and that biofilm formation is dependent on the production of proteinaceous pili and extracellular DNA. Biofilm development may have relevance to the colonization, transmission, and pathogenesis of this bacterium. Extracellular DNA production by K. kingae may facilitate horizontal gene transfer within the oral microbial community.
INTRODUCTION
Kingella kingae is a Gram-negative coccobacillus that asymptomatically colonizes the oropharynx of up to 30% of children aged 6-36 months (Yagupsky, 2015) . It is believed that damage of the respiratory and buccal epithelium allows the bacterium to enter the bloodstream and to seed in distant organs of the body. This can lead to osteoarticular infections including septic arthritis, osteomyelitis, bacteremia, and infective endocarditis. Due to improved detection methods, there has been an increasing number of invasive K. kingae infection cases identified in recent years. The organism is now considered the leading cause of skeletal infections in young children (Gene et al., 2004; Chometon et al., 2007; Ilharreborde et al., 2009) . K. kingae osteomyelitis and septic arthritis usually have a good prognosis when treated with antibiotics; however, onset of these infections is generally insidious, and the disease is frequently diagnosed with considerable delay (Yagupsky, 2015) . Infective endocarditis caused by K. kingae has been diagnosed in otherwise healthy children or adult patients and was associated with significant morbidity and mortality (Foster & Walls, 2014) . Stomatitis assosiated with K. kingae has been reported in both children and adults (Amir and Yagupsky, 1998; Van Damme et al., 2004; Yagupsky and Press, 2003 ). An interesting feature of K. kingae infections is the co-infection that has been reported in certain vesicular diseases such as hand, food, and mouse disease (HFMD) (El Houmami et al., 2015b) , herpes simplex virus (Yagupsky et al., 1993) , and rhinovirus (Basmaci et al., 2015; Basmaci et al., 2013) . Ruptured oral vesicles are present in the majority of K. kingae outbreaks (El Houmami et al., 2015a; El Houmami et al., 2016) and the relationship between these structures, K. kingae, and mucosal immune responses might promote invasive infections. However, K. kingae stomatitis does occur in the absence of a viral infection (Van Damme et al., 2004) , indicating that the bacterium itself maybe capable breaching the mucosa barrier and causing oral infections.
Several K. kingae virulence factors have been identified. The organism produces potent RTX toxin with broad cellular specificity that plays the key role in the organism virulence (Kehl-Fie & St Geme, 2007; Chang et al., 2014) . K. kingae releases RtxAbound outer membrane vesicles that exhibit hemolytic and leukotoxic activity (Maldonado et al., 2011) . It produces at least two different types of adhesive pili that mediate binding of bacterial cells to respiratory epithelial cells and synovial cells (Kehl-Fie et al., 2008) . However, the mechanisms by which K. kingae colonizes the oropharynx, disperses to the submucosa, and causes systemic diseases are still unclear.
Adherent communities of bacteria known as biofilms play a role in the pathogenesis of many chronic infections including osteoarticular infections (Lynch & Robertson, 2008) and infective endocarditis (Parsek & Singh, 2003) . Biofilms enable bacteria to colonize surfaces and evade the host immune system. However, few studies have investigated biofilm formation in K. kingae. Bendaoud et al. (2011) showed that one strain of K. kingae (strain PYKK181) formed biofilms in polystyrene microtiter plate wells, and that biofilm formation was inhibited by a self-synthesized galactofuranose-containing exopolysaccharide named PAM galactan. K. kingae PAM galactan is one of a growing number of bacterial exopolysaccharides that exhibit broad-spectrum non-biocidal antibiofilm activity (Rendueles et al., 2013) . No additional studies on K. kingae biofilm formation have been reported.
The purpose of the present study was to characterize K. kingae biofilms and measure biofilm formation in a larger collection of K. kingae clinical isolates. We analyzed a total of 79 strains that included strains isolated from patients with bacteremia, infective endocarditis, osteomyelitis, and septic arthritis; strains isolated from healthy subjects; and K. kingae type strain ATCC 23330. Here we report our findings on the prevalence and mechanism of biofilm formation among K. kingae clinical isolates.
METHODS

Bacterial strains, media, and growth conditions
The K. kingae strains used in this study were described previously (Banerjee et al., 2013) 
Biofilm assay
Staining the biofilms was performed by crystal violet assay (Merritt et al., 2005; Izano et al., 2008) . Several loopfuls of K. kingae cells were transferred from a 24-h-old TSA agar plate to a 1.5-ml microcentrifuge tube containing 500 ll of fresh TSB+ broth. Cells were dispersed by vortex agitation and the absorbance at 490 nm (A 490 ) of the cell suspension was adjusted to 1.0 with TSB+ broth. Cells were diluted 1 : 100 in fresh TSB+ broth and aliquots of cells (200 ll each, c. 10 4 -10 5 colony-forming units ml
À1
) were transferred to the wells of a 96-well polystyrene microtiter plate (Falcon No. 353936 or Corning No. 2592) . After incubation for 24 h, wells were rinsed with water to remove loosely adherent cells and then stained for 1 min with 200 ll of Gram's crystal violet. Wells were then rinsed with water and dried. The amount of biofilm biomass was quantified by destaining the wells with 200 ll of 33% acetic acid and measuring the absorbance of the crystal violet solution in a microplate spectrophotometer set at 595 nm.
Biofilm inhibition assay
Bacterial inocula were prepared and diluted 1 : 100 in fresh TSB+ broth as described in the Biofilm assay section. Inocula were supplemented with 10 lg ml À1 proteinase K (Sigma-Aldrich, St Louis, MO) or 10 lg ml À1 recombinant human DNase I (Genentech, San Francisco, CA). Aliquots of inocula were transferred to microtiter plate wells and incubated for 24 h; biofilm formation was quantified by crystal violet staining.
Biofilm detachment assay
Biofilm detachment assay was described previously (Izano et al., 2008) . K. kingae biofilms were cultured in microtiter plate wells for 24 h as described in the Biofilm assay section. Wells were rinsed with water to remove loosely adherent cells. Wells were then filled with 200 ll of 10 lg ml À1 proteinase K in water, or 10 lg ml À1 DNase I in 150 mM NaCl, 1 mM CaCl 2 .
Control wells were filled 200 ll of vehicle alone. After 1 h at 37°C, wells were rinsed with water to remove loosely adherent cells and biofilm was quantified using crystal violet staining.
Autoaggregation assay
Bacterial inocula were prepared and diluted to an A 490 of 1.0 in fresh TSB+ broth as described in the Biofilm assay section. Cells were resuspended by vortex agitation and the tubes were then incubated statically for 10 min and photographed.
Mutagenesis construction of mutagenic plasmid
A plasmid used to delete the K. kingae pilA1pilA2fimB gene cluster (designated plasmid pVS5) was constructed as follows. First, the DNA sequence upstream of pilA1 was amplified from K. kingae strain PYKK109 using polymerase chain reaction (PCR) primers RecF and RecPstR (see Supplementary material, Table S2 ). The PCR product (1.6 kb) was digested with PstI and ligated into the PstI site of plasmid pGEM-T Easy (Promega, Madison, WI). The resulting plasmid was designated pVS1. Next, the region downstream of fimB was amplified from K. kingae strain PYKK109 using PCR primers tRNAAatF and tRNAR. The PCR product (1.2 kb) was ligated into the single 3 0 -T overhangs located in the polylinker of pGEM-T Easy. The resulting plasmid (designated pVS2) was digested with AatII and EcoRI to release the ligated fragment, which was then ligated into the AatII/EcoRI sites of pVS1. The resulting plasmid was designated pVS4. Next, the aphA3 kanamycin resistance gene was amplified from plasmid pFalcon2 (Sheets et al., 2008) using PCR primers KmF and KmR. The PCR product (1.0 kb) was ligated into the single 3 0 -T overhangs in pGEMT-Easy, resulting in plasmid pVS3. Finally, mutagenic plasmid pVS5 was constructed by ligating the aphA3 kanamycin-resistance gene released by EcoRI digestion of plasmid pVS3 into EcoRI-digested pVS4. All plasmid constructs were confirmed by DNA sequence analysis.
Bacterial transformation
Transformation of K. kingae was performed as described previously (Kehl-Fie & St Geme, 2007) . K. kingae strain PYKK109 was cultured overnight on TSA agar and resuspended to an A 600 of 0.8 in TSB+ broth containing 2% fetal bovine serum. A volume of 100 ll of the cell suspension was transferred to a microcentrifuge tube and 5 ll of 10 mM CaCl 2 and 5 ll (1 lg) of plasmid pVS5 DNA were added. The mixture was incubated at room temperature for 30 min. An equal volume of TSB+ broth containing 4% horse serum was added, and the cells were incubated at 37°C for 2 h. The cells were then plated onto TSA agar containing 25 lg ml À1 kanamycin to select for transformants. Genomic DNA was isolated from the transformants using a QIAamp DNA Mini Kit (Qiagen, Hilden, Germany). PCR primers pilAF and fimBR (Table S2) , which hybridize to sequences that flank the homologous regions, were used to confirm integration of aphA3 in transformants for the pilA1pilA2fimB mutant strain, which was designated strain VS1001. The orientation of the aphA3 kanamycin cassette was confirmed using PCR primers KmF1 and Kk58piliR.
Real-time quantitative reverse transcription PCR K. kingae strains were grown on plates for 18 h, bacterial mass was collected. Total RNA from the bacterial cells was extracted with 1 ml preheated to 65°C Tri Reagent (Sigma) and isolated according to the Tri Reagent manufacturer's protocol. To remove residual DNA, the RNA samples were treated with RQ1 DNase (Thermo Fisher Scientific, Waltham, MA). The DNase was inactivated by heating at 65°C for 10 min. Then RNA samples were additionally purified using an RNeasy Mini kit and the lipid-rich tissue protocol (Qiagen, Hilden, Germany (Table S2 ). The PCR amplification was carried out in a total volume of 46 ll, containing 44 ll of 2 SYBR green PCR master mix, approximately 25 ng of the cDNA sample, and 200 nM of each primer. The reaction conditions were 95°C for 3 min followed by 32 cycles of 95°C for 15 s, 61°C for 20 s, and 72°C for 30 s; this was followed by a final 72°C for 3 min. All reactions were run in triplicate; the assay was performed three times independently. The expression of the genes was analyzed using the software provided by Applied Biosystems ™ . The second derivative maximum of the slope of the amplification curves was used as Ct (cycle threshold) values.
Biofilm biochemical analysis
The quantitative biochemical analysis of biofilms was performed as previously described (Wu & Xi, 2009) , with some modifications. Briefly, biofilms were formed in ten 100-mm cell culture polystyrene dishes (Fisher Scientific No. 10810274) by incubating 20 ml of TSB+ broth with 1 : 100 10 4 -10 5 colony-forming units ml
À1
K. kingae at 37°C in a 5% CO 2 environment for 24 h. The biofilm in each plate was gently washed twice with deionized water, then the biofilm mass was removed with a cell scraper and placed in 5 ml of 0.9% NaCl. Samples from the plates were pooled and the biofilm suspension was homogenized by vortexing for 2 min. The resulting mixture was divided into two parts. Half of the solution was passed through a 0.2-lm PES filter (Millex, EMD Millipore, Billierica, MA) to separate extracellular components of K. kingae biofilms. Protein content of K. kingae biofilms was quantified by a bicinchoninic acid assay (Pierce, Rockford, IL). The A 562 was determined using the bovine serum albumin standard curve as a reference to estimate the protein concentration in the sample.
Total carbohydrates were quantified by a phenolsulfuric acid colorimetric assay using Total carbohydrate Assay Kit (BioVision, Milpitas, CA) kit according to the manufacturer's instructions. The A 490 was determined and compared with a glucose standard curve to estimate the mass of carbohydrates in the sample.
DNA content was quantified using SYTOX â Green
Nucleic Acid Stain (Life Technologies, Grand Island, NY) as described previously (Ravaioli et al., 2011) with modifications. Briefly, 200 ll of the biofilms extracellular matrix solution were mixed with 100 ll of 5 lM buffered Sytox solution in 96-well plate wells, and the plate was incubated in the dark at 37°C for 40 min. Fluorescence was read at an emission wavelength of 520 nm and total DNA was estimated by extrapolation from a standard curve using Lambda DNA (New England Biolabs, Ipswich, MA). Treatment of biofilms with the broad-spectrum micrococcal nuclease (New England Biolabs, Ipswich, MA) was performed for 1 h at 37°C.
Fluorescence microscopy
Bacterial inocula were prepared and diluted 1 : 100 in fresh TSB+ broth as described in the Biofilm assay section. Aliquots of diluted cells (250 ll each) were pipetted onto the surface of sterile glass slides, and the slides were placed inside a Petri dish. After incubation for 24 h, the slides were rinsed with water and stained with SYTO9 (Molecular Probes, Eugene, OR) for 20 min in the dark. Slides were then rinsed with water to remove excess stain. Biofilm bacteria were visualized at 109 magnification using a Nikon Eclipse 80i fluorescence microscope. Extracellular DNA production in bacterial cultures grown in ibiTreat 60 l-dishes (Ibidi, Madison, WI) was examined using a Nikon A1R laser scanning confocal microscope (Nikon, Inc. Morville, NY) with a 609 water objective (NA 1.2) after staining with 5 lM SYTOX â Green Nucleic Acid Stain (Life Technologies, Grand Island, NY) for 15 min. The images were processed using Nikon's ELEMENTS software 4.1 (Nikon, Inc. Morville, NY).
Atomic force microscopy
The bacteria were grown for 24 h on TSA agar. The colonies were washed off the agar pates with distilled water and dried for 15 min. Atomic force microscopy samples were prepared by mounting agar pieces on glass slides. Atomic force microscopy images were obtained using Asylum MFP-3D (Oxford Instruments, Abingdon, UK) operated in tapping mode (scan rate 0.3-0.4 Hz, Si tip, probe stiffness~40 N m
À1
, drive frequency 316 kHz, ambient temperature). Electronic spectra were recorded on a Varian 5000 UV/vis/NIR instrument. The relative peak positions were assigned via spectral deconvolution using ORIGIN 7.5 software (Originlab, Northampton, MA). Samples were interrogated in 2-mm path-length fused-silica cells under argon.
Statistics and reproducibility of results
All crystal violet binding assays were carried out in duplicate wells, which exhibited an average variation in absorbance values of 7%. All assays were repeated two or more times and in all cases the observed patterns of biofilm formation, inhibition and detachment were reproducible. The data were analyzed using a Student's t-test, with P < 0.05 considered to be statistically significant. The analysis was performed using SIGMAPLOT version 11.0 software (Systat Software, San Jose, CA).
RESULTS
Biofilm formation by K. kingae clinical isolates
A total of 79 K. kingae strains were tested for biofilm formation using a 96-well microtiter plate crystal violet binding assay (see Supplementary material, Table S1 ). The test strains included 28 strains isolated from patients with bacteremia, 25 from patients with septic arthritis, 19 from healthy participants, six from patients with osteomyelitis, and one from a patient with infective endocarditis. The strains were collected in five locations on three continents. Figure 1 shows the average amount of biofilm formation by each of the 79 test strains. Strains that produced a depression or pit in the agar on which they were grown were designated 'corroding' (Kehl-Fie et al., 2010). A total of 58/79 strains (73%) were corroding. Corroding strains formed more biofilm than non-corroding strains (P < 0.001). Overall, 47% of all strains and 47% of corroding strains formed biofilms using an A 595 value of 0.2 as a cut-off (P < 0.001 compared with the background A 595 value of 0.05). Eleven strains [KKC2005004457, KKM2003000180 (USA); PYKK109, PYKK133, PYKK135, PYKK143 and PYKK181 (Israel); 9911+17199, 0111+28183, 0601+26281, and 0401+20177 (Iceland)] produced biofilms that resulted in A 595 values >1.0 in the crystal violet binding assay. Figure 2 shows representative colony morphologies on agar and biofilm phenotypes in broth for corroding strain PYKK109 and noncorroding strain ATCC 23330. Strain PYKK109, like all other biofilm-forming K. kingae strains, produced biofilms both on the bottom of the microtiter plate well and along the side of the well at the air-liquid interface. Strain PYKK143 also formed a floating pellicle on the surface of the broth.
Preliminary studies in our laboratory suggest that the corroding and biofilm phenotypes can be lost upon repeated subculture on TSA agar or in TSB+ broth. For instance, after five passages of PYKK109 on TSA agar the amount of biofilms identified by crystal violet binding assay decreased from A 595 1.1 AE 0.06 to A 595 0.7 AE 0.03. In support of this hypothesis we observed that Icelandic isolates (9911+17199, 0111+28183, 0601+26281, and 0401+20177), which were comparatively less used in laboratory studies, formed the strongest biofilms that resulted in A 595 ≥1.3 by crystal violet binding assay.
Biofilm composition
We selected strain PYKK109 to characterize the biochemical composition of the biofilms. We quantified the amount of DNA, carbohydrates, and proteins in the total biofilm and its extracellularly secreted components as described in the Biofilm biochemical analysis section. About 95% of formed biofilms, as was quantified by the remaining biofilm measurement with crystal violet, were collected by scraping from polystyrene plates without additional chemical treatment. The extracellular biofilm's fraction was separated by filtration through a 0.22-lm filter and the composition of total biofilms and biofilms extracellular matrix was identified. Protein content was measured with a bicinchoninic acid assay, and was present extracellularly at a concentration 490 AE 0.55 lg cm À2 . Applying a total carbohydrate phenol-sulfuric acid method, which can detect most forms of carbohydrates, we identified 0.4 AE 0.05 lg cm À2 of total carbohydrates in the extracellular constituents. Extracellular DNA was detected at 0.68 AE 0.08 lg cm
À2
. To verify that the fluorescence was from extracellular biofilm matrix and not from DNA within bacterial cells, damaged during the biofilm collection procedure, a separate set of biofilms were incubated with the broad-spectrum micrococcal nuclease (Kiedrowski et al., 2011) . Pretreatment of total biofilms with micrococcal nuclease caused 92% reduction in extracellular DNA, suggesting that extracellular DNA is present in PYKK109 biofilms. The summarized data are presented in Table 1 . Extracellular DNA production was a characteristic feature of biofilm-forming strains and was visualized by fluorescence microscopy after staining of bacterial 
Biofilm formation is mediated by proteinaceous adhesins and extracellular DNA
To investigate the mechanism of K. kingae biofilm formation, we measured the effect of two enzymes, Proteinase K and DNase I, on biofilm formation by strain PYKK109. Figure 4 (left-hand graph) shows that both enzymes significantly inhibited biofilm formation. Both the bottom biofilm and the air-liquid biofilm were inhibited. Proteinase K and DNase I also inhibited both bottom and air-liquid biofilm formation by strains KKC2005004457 and PYKK143 (data not shown).
Neither enzyme affected the growth rate of K. kingae. We then measured the ability of proteinase K and DNase I to detach pre-formed 24-h-old K. kingae PYKK109 biofilms. DNase I, but not proteinase K, caused significant detachment of the biofilms (Fig. 4,  right-hand graph) . Both the bottom and air-liquid biofilms were detached. DNase I, but not proteinase K, also efficiently detached pre-formed 24-h-old bottom and air-liquid biofilms produced by strains KKC2005004457 and PYKK143.
A pilus mutant strain is deficient in biofilm formation
Kingella kingae produces adhesive type IV pili that are essential for mediating adherence to respiratory epithelial and synovial cells (Kehl-Fie et al., 2008) . We found Effects of proteinase K and DNase I on Kingella kingae biofilm formation. In the left-hand graph, the enzymes were added to the broth at the time of inoculation and biofilm was quantified after 24 h. In the right-hand graph, biofilms were cultured for 24 h and then treated with enzymes for 1 h. A 595 values are proportional to biofilm biomass.
Asterisks indicate values significantly different from no-enzyme controls (P < 0.05). Macromolecule quantities (protein, carbohydrate and DNA) were measured in PYKK109 biofilms as described in the Methods and were expressed as lg of mass per cm 2 surface area. The experiment was repeated on three independent occasions, each experimental condition was performed in triplicate. Average results AE SEM are displayed.
that the pilA1pilA2fimB region of the chromosome was conserved among five K. kingae biofilm-forming strains [269-492 (Kehl-Fie & St Geme, 2007) , PYKK081 (Kaplan et al., 2012) , PYKK109, PYKK121 and PYYY181] and three non-corroding non-biofilm-forming strains (ATCC 23330, PYKK102 and PYKK190) as determined by PCR and DNA sequence analysis (see Supplementary material, Fig. S1 ). To determine whether pili play a role in K. kingae biofilm formation, we constructed a mutant strain that carried a deletion of the pilA1pilA2fimB gene cluster, which encodes two type IV pilus subunit proteins and a pilus accessory protein (Kehl-Fie et al., 2008) . The mutant strain (designated strain VS1001; see Supplementary material, Fig. S1 ) was constructed in background strain PYKK109. Strain VS1001 exhibited the same growth rate as strain PYKK109 but produced non-corroding colonies on agar (data not shown). In the microtiter plate assay, strain VS1001 exhibited significantly less crystal violet binding than strain PYKK109 (A 595 0.02 AE 0.00 for VS1001 vs. 1.99 AE 0.05 for PYKK109; P < 0.01). Strain VS1001 was also deficient in autoaggregation in broth (Fig. 5A) , biofilm formation on glass slides (Fig. 5B) , and agar corrosion (Fig. 5C ).
Biofilm-forming strains have elevated levels of pilA1 transcripts
To assess whether there is a correlation between pilus expression with the ability of K. kingae strains to form biofilms we quantified the pilA1, pilA2, and fimB transcript levels in corroding biofilm-forming strains PYKK109, 0211+12480, non-corroding biofilm-forming strain PYKK081, and non-corroding, non-biofilm-forming strains ATCC 23330, 0604+15110 using quantitative reverse transcription PCR analysis. This analysis revealed that biofilm-producing strains have a higher level of pilA1 transcripts, suggesting that the gene is highly expressed in biofilm-forming strains. For example the level of pilA1 transcript in PYKK109 was 80-fold more than that in the strain ATCC 23330 (Fig. 6) . The difference in expression of pilA2 and fimB was less pronounced or not significant. Importantly, although strain ATCC 23330 has low level expression of all three pilus genes, another non-biofilm-forming strain 0604+15110 has low expression of pilA1, indicating that the expression of the major pilus subunit is the most critical for biofilm formation.
DISCUSSION
In the present study we used a crystal violet binding assay and fluorescence microscopy to demonstrate that clinical isolates of K. kingae are capable of forming biofilms in polystyrene microtiter plates and on glass slides. In microtiter plates, biofilm formation occurred both on the bottom of the well and along the side of the well at the air-liquid interface. One strain formed a floating pellicle on the surface of the broth. All of these phenotypes are exhibited by other species of biofilm-forming bacteria (Kaplan & Mulks, 2005; Marti et al., 2011) . We a used two biofilm matrix-degrading enzymes to investigate the composition of the K. kingae extracellular biofilm matrix. We found that formation of both the bottom and air-liquid interface biofilms was inhibited by proteinase K and DNase I, suggesting that both biofilms produce a biofilm matrix containing proteinaceous adhesins and extracellular DNA. Mature biofilms were efficiently detached by DNase I but not by proteinase K, so it is possible that both proteinaceous adhesins and extracellular DNA play a role in the initial stages of K. kingae biofilm formation, but that extracellular DNA is a major intercellular adhesin in mature biofilms. Previous studies showed that several other bacteria produce biofilms that are resistant to removal by proteolytic enzymes (Lequette et al., 2010) .
The extracellular DNA and proteins were major biofilm matrix components of PYKK109 biofilms. Extracellular DNA is a biofilm matrix component in many different species of bacteria (Montanaro et al., 2011) including members of Neisseriaceae family Neisseria gonorrhoeae (Steichen et al., 2011) and Neisseria meningitides (Lappann et al., 2010) . It was found to play an essential role in biofilm formation and support of its integrity on hard and soft tissues in oral cavity (Jakubovics & Grant Burgess, 2015) . Several mechanisms of extracellular DNA accumulation exist. In N. meningitides the release of extracellular DNA can be mediated by lytic transglycosidases and Figure 6 Transcript levels of genes pilA1, pilA2, fimB for type IV pili production in biofilm-forming strains PYKK081, PYKK109, 0211+12480 and non-biofilm forming strains ATCC 23330, 0604+15110. Transcript levels are expressed relative to glyceraldehyde 3-phosphate dehydrogenase (GAPDH), SEM ≤ 5%.
cytoplasmic N-acetylmuramyl-L-alanine amidase as well as autolytic activity of outer membrane phospholipase A (Lappann et al., 2010) . DNA could accumulate from the passive death of cells followed by cell lysis. Indeed, the lifespan of K. kingae colonies on blood agar plates does not exceed 48 h at 37°C. In a wide range of bacteria, cidAB and lrgAB genes encode holin/anti-holin proteins that regulate DNA release and biofilm formation (Bayles, 2007) . The genomes of K. kingae strains ATCC 23330 (GenBank Accession number AFHS01000000) and PYKK081 (GenBank Accession number AJGB00000000) both contain homologues of the lrgAB gene clusters, which may perform similar biofilm-related functions in K. kingae. In addition, K. kingae produces several nucleases that may play a role in the biofilm formation and remodeling, as was demonstrated for N. gonorrhoeae thermonuclease Nuc (Steichen et al., 2011) . K. kingae genes potentially involved in extracellular DNA accumulation are presented in the Supplementary material (Table S3) .
One of the mechanisms of DNA biofilm matrix creation is the secretion of outer membrane vesicles loaded with DNA. We have found that outer membrane vesicles isolated from K. kingae strain PYKK081 contained 0.5 mg ml À1 DNA (Maldonado et al., 2011) . Interestingly, biofilm producers PYKK081, PYKK189, and PYKK135 were reported to release higher amount of outer membrane vesicles per gram of bacterial biomass (average 0.07 AE 0.003 mg) than non-biofilm-producing strains ATCC 23330, PYKK190, PYKK101 (average 0.02 AE 0.002 mg) (Maldonado et al., 2011) . It is worth noting that K. kingae is a naturally transformable organism and it is likely that uptake of extracellular DNA facilitates the spread of genes through horizontal transfer (Frye et al., 2013) . Corroding or pitting of the agar surface is a phenotype exhibited by Gram-negative and Grampositive bacteria that colonize the respiratory tract (Henriksen, 1974) , suggesting that it could be a useful factor for establishing an ecological niche of colonization on mucous membranes. Previous studies showed that corrosion of agar surfaces correlates with the production of type IV pili in some bacteria (Kraus & Glassman, 1974; Kyme et al., 2003; Azakami et al., 2005) . Type IV pili have also been associated with autoaggregation and biofilm formation in many bacteria (Kachlany et al., 2001; Yi et al., 2004) . Consistent with these results, we found that K. kingae mutant strain VS1001 (DpilA1pilA2fimB) produced non-corroding colonies on agar and was deficient in autoaggregation and biofilm formation in broth. As pilA1 encodes the major K. kingae type IV pilus subunit protein (Kehl-Fie & St Geme, 2007) , these results suggest that type IV pili may mediate agar corrosion, autoaggregation, and biofilm formation in K. kingae.
We found that K. kingae biofilm formation correlated with a corroding phenotype on agar, nevertheless 47% of corroding strains do not form biofilms. Kehl-Fie et al. (2010) reported that K. kingae clinical isolates exhibit various colony morphologies on chocolate agar including non-spreading/non-corroding, spreading/corroding, and domed. Although we readily detected the corroding and non-corroding colony morphologies on the TSA agar plates used in our study, we did not observe the spreading and nonspreading phenotypes even when using motility agar plates (unpublished data). It is possible that this spreading phenotype results from type IV pilusmediated twitching motility (Mattick, 2002) , and that twitching motility is up-regulated on chocolate agar or down-regulated on TSA agar. Kehl-Fie et al. (2010) also showed that the amount of piliation varied among K. kingae clinical isolates. We found that the quantity of biofilm formation varied among K. kingae clinical isolates, so it is tempting to speculate that the level of piliation correlates with the level of biofilm formation in corroding strains. We found that the biofilm phenotype was exhibited by K. kingae strains that were reported to produce both low and high levels of type IV pili and the expression of pilA1 is essential for biofilm formation.
We also observed no correlation between the clinical syndrome of the subject, the anatomical site from which the strain was isolated, or the pulse-field gel electrophoresis clonal type exhibited by the strain (Amit et al., 2012) . Previous studies found that the regulation type IV pilus expression in K. kingae is complex and influenced by both the genetic regulators and environmental cues (Kehl-Fie et al., 2009) . It is likely that biofilm formation is common among K. kingae clinical isolates, but that the biofilm phenotype is lost upon repeated subculture in the laboratory (Fine et al., 1999; Kaplan & Mulks, 2005) , or that the biofilm and/or corroding phenotypes are selected against when K. kingae enters the bloodstream and disseminates to remote sites (KehlFie et al., 2010) . K. kingae strains used in this study were received from different clinical laboratories and the number of passages performed with those strains was not controlled. Therefore, we believe that the variation in the amount of biofilms produced can be partly attributed to the domestication of the strains used in the study.
In summary, our results demonstrate that K. kingae clinical isolates produce biofilms in vitro. As biofilms have been shown to play a role in colonization of mucosal surfaces and other tissues such as bone and heart valves in many bacteria (Shirtliff & Mader, 2002; Parsek & Singh, 2003; Brady et al., 2008) , we speculate that biofilm formation may have relevance to the colonization, transmission, and pathogenesis of K. kingae.
